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I INTRODUCTION 

I n t e r e s t  i n  t h e  r e f r a c t o r y  carb ides  has  increased  i n  r e c e n t  years 

i n  a n t i c i p a t i o n  of many new app l i ca t ions  r e q u i r i n g  t h e  use  of  super- 

r e f r a c t o r i e s .  In  the  course  of  research  and development work on t h e s e  

m a t e r i a l s ,  however, d i f f i c u l t i e s  have been encountered i n  a t t a i n i n g  and 

reproducing d e s i r e d  phys ica l  p r o p e r t i e s .  L i t t l e  i s  known of u l t i m a t e  

i n t r i n s i c  phys i ca l  p r o p e r t i e s  o r  the in f luences  of  changes i n  s t o i c h i o -  

metry, impur i t i e s ,  and g r a i n  boundaries on these  p r o p e r t i e s .  I n  ob ta in -  

i ng  t h i s  type of information,  s i n g l e  c rys t a l s  of var ious  c a r b i d e  

compositions would be  of g r e a t  value.  A t  t h e  p r e s e n t  t i m e ,  t h e  on ly  

c rys t a l s  r e a d i l y  a v a i l a b l e  a r e  of t i t an ium carb ide ,  grown by t h e  

Verneui l  process ,  and l i t t l e  is known of t h e i r  s t r u c t u r e  and per- 

f e c t  i on .  

S t an fo rd  Research I n s t i t u t e  has, t he re fo re ,  been engaged by  t h e  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  t o  i n v e s t i g a t e  app l i -  

c a t i o n  of new techniques  and procedures to  growth of s i n g l e  c rys t a l s  

of tantalum carb ide ,  hafnium carbide,  and s o l i d  s o l u t i o n s  of t h e  two. 

The new techniques being inves t iga t ed  f a l l  i n t o  two c l a s s e s :  f i r s t ,  

a p p l i c a t i o n  of r e c e n t l y  developed methods o f  l i q u i d  metal s o l u t i o n  

growth of c r y s t a l s ,  and, second, u t i l i z a t i o n  of  a-c a r c  mel t ing  f o r  

Verneui l  c r y s t a l  growth. 
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I1 SUMMARY AND CONCLUSIONS 

A number of experimental runs, made with the arc-Verneuil 

furnace, produced tantalum carbide boules. These experiments provided 

operating experience and indicated several apparatus modifications, 

each of which was made as its need became evident. Although the boules 

were polycrystalline, they consisted of only a few large TaC grains 

and were free of cracks. These results are very encouraging with 

respect to the growth of TaC single crystals by this method. Better 

control of the effective carbon vapor pressure will be required to 

control the tantalum carbide stoichiometry and prevent precipitation 

of Ta,C on cooling. Difficulties with controlling particle feed rates 

and maintaining a steady experimental run longer than 15 minutes are 

the major current problems. 

Attempts to grow large TaC crystals by pulling hot pressed TaC 

seed material from iron melts have been unsuccessful. An equilibrium 

or reversible approach was used. In general these failures were 

caused by mechanical problems o r  what is believed to be an inadequate 

control of the atmosphere, causing oxidation of carbon present in the 

melt. Further seed pulling (Czochralski) experiments are planned 

later. Presently, a search for a better Solvent System is being 

made by experimentally determining the activity coefficient of 

tantalum in dilute tantalum a l l o y s  of several carbon-saturated liquid 

metals. 
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. 
I11 CRYSTAL GROWTH STUDIES 

A. A r c  Verneui l  Growth 

During most of  the  qua r t e r ,  a l t e r a t i o n s  w e r e  made i n  t h e  three-  

e l ec t rode ,  s ingle-phase,  a-c arc furnace cons t ruc t ed  f o r  Verneui l  growth 

of r e f r a c t o r y  ca rb ide  c rys ta l s .  During t h i s  per iod ,  molten caps were 

achieved on tantalum ca rb ide  seeds .  The f i r s t  ac tua l  growth of  a boule 

involv ing  t h e  a d d i t i o n  of  s i g n i f i c a n t  amounts of tantalum ca rb ide  

powder t o  t h e  molten cap occurred e a r l y  i n  August. S ince  then a number 

of experiments  have been performed t o  improve t h e  appa ra tus  and ga in  

o p e r a t i n g  experience.  Seve ra l  a d d i t i o n a l  boules have been grown, and 

those  shown i n  F ig .  1 a r e  t y p i c a l .  None of t h e  boules  grown thus  f a r  

are s i n g l e  c rys ta l s .  

. 1. Apparatus Modif ica t ions  

A number of appara tus  modi f ica t ions  have been made t o  improve the  

c o n t r o l  of t h e  growth process .  These c o n s t i t u t e  r e l a t i v e l y  minor 

changes t h a t  were ind ica t ed  from the  i n i t i a l  ope ra t ing  experience,  and 

could not  have been a n t i c i p a t e d  i n  t h e  o r i g i n a l  des ign .  These 

"shakedown" o p e r a t i o n s  are s t i l l  i n  progress ,  with most of t h e  e f f o r t  

being devoted t o  achiev ing  a s t e a d i e r  growth ra te .  

P r e c i s e  c o n t r o l  of  t h e  c a r b i d e - p a r t i c l e  feed  r a t e  i s  a major 

problem i n  Verneui l  c r y s t a l  growth gene ra l ly .  The problem is  aggra- 

va ted  i n  t h i s  i n s t a n c e  because of s t r o n g  thermal convect ion c u r r e n t s  

of  gases  i n  the  r eg ion  of t he  arc  and boule. A gas  envelope surrounding 

t h e  boule  must be maintained a t  an apprec i ab le  p r e s s u r e  i n  o rde r  t o  

s t a b i l i z e  t h e  arc and r e t a r d  evaporat ion of  carbon. A number of 

tantalum ca rb ide  p a r t i c l e  s i z e s  w e r e  t r i e d .  Because of  t h e  thermal 

convect ion cu r ren t s ,  a f a i r l y  coarse  p a r t i c l e  s i z e  f r a c t i o n ,  -200 +270 

mesh, w a s  found t o  be optimum, and t h i s  s i z e  is now being used i n  a l l  

o f  t h e  experiments.  

The p a r t i c l e s  a r e  f ed  through a water-cooled, 18-inch f eed  tube .  

The i n i t i a l  tube had an i n s i d e  diameter  of .042 i n c h . .  A new feed  

tube  wi th  an i n s i d e  d iameter  of .020 i n c h  h a s  been cons t ruc t ed  and 

i s  now being employed. Because p a r t i c l e  d i s p e r s i o n  is  less with t h e  

s m a l l e r  tube, a l a r g e r  percentage of t h e  powder f eed  now reaches  t h e  

3 
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boule .  The p a r t i c l e s  a r e  acce lera ted  w i t h i n  t h e  feed  t u b e  by us ing  a 

c a r r i e r  of gas  of t h e  same composition a s  t h a t  i n  t h e  furnace  chamber. 

Thus f a r ,  argon has  been t h e  only  gas used and only  a t  t h e  p r e s s u r e  of 

300 m i l l i m e t e r s ,  where a s t a b l e  arc i s  achieved.  Terminal v e l o c i t y  

c a l c u l a t i o n s  f o r  t h e  p a r t i c l e s  a t  t h i s  p r e s s u r e  confirm t h a t  a s i g n i f i -  

can t  f r a c t i o n  of t h e  p a r t i c l e  feed should s t r i k e  t h e  boule .  

Three types  of f e e d e r s  were t r ied :  a v i b r a t i n g  sc reen ,  a r o e a t i n g  

g a t e  or chopper dev ice ,  and a c a p i l l a r y  t u b e ,  c e n t r i f u g a l  f e e d e r .  The 

d e s i r e d  p r o p e r t i e s  of a feeder are  a cont inuous ly  v a r i a b l e  feed  r a t e  

from a small  p o s i t i v e  va lue  down t o  ze ro ,  and a reproducib le  r e l a t i o n -  

s h i p  between t h e  c o n t r o l l e r  s e t t i n g  and the  feed r a t e .  N o  p a r t i c l e  

f e e d e r  used t o  d a t e  meets t h e s e  requirements  t o  t h e  desired degree ,  b u t  

t h e  c a p i l l a r y  t u b e ,  c e n t r i f u g a l  device i s  the  most e f f e c t i v e  of t h o s e  

t r i e d  and h a s  been used on a l l  of t h e  boule  growth experiments .  I n  

t h i s  device  p a r t i c l e s  flow out  of a r o t a t i n g  c o n t a i n e r  s i m i l a r  t o  a 

t h i s € l e  tube  and through a c a p i l l a r y  t u b e  t h a t  i s  bent s l i g h t l y  upward 

a t  an angle  of about 20' w i t h  t he  hor izon .  P a r t i c l e s  a r e  d ischarged  

when a c r i t i c a l  r o t a t i n g  speed i s  reached where t h e  c e n t r i f u g a l  f o r c e  

ba lances  t h e  g r a v i t y  f o r c e  on a p a r t i c l e .  An a n a l y s i s  of the  behavior  

of t h i s  type of  f e e d e r  i s  g iven  i n  t h e  Appendix. 

A number of o t h e r  a l t e r a t i o n s  were made t o  t h e  c r y s t a l  growing 

fu rnace  du r ing  t h e  pe r iod ,  inc luding:  

1. 

2. 

3. 

4. 

5 .  

6. 

The f e e d e r  motor d r ive  mechanism was changed t o  reduce 

v i b r a t i o n .  

The armature brush assembly, u s e d  t o  e s t a b l i s h  e l e c t r i c a l  

con tac t  w i t h  t h e  seed rod ,  was redesigned and changed t o  

prevent  l o c a l i z e d  a r c i n g  

The s a t u r a b l e  core power supply wi r ing  w a s  changed t o  pre-  

vent  overhea t ing .  

A new vacuum pumping system was i n s t a l l e d .  

A powder t r a p  was i n s t a l l e d  a t  t h e  bottom of t h e  furnace  

t o  c o l l e c t  powder t h a t  had not  depos i t ed  on t h e  boule .  

The hea t -sh ie ld ing  over  t h e  e l e c t r o d e s  and boule  was re- 

designed and ra i sed  t o  prevent  a p a r t i a l  c u r r e n t  d i scha rge  

t o  t h e  furnace  w a l l s  and loss of e l e c t r i c a l  e f f i c i e n c y .  

5 



. 2. Experimental  R e s u l t s  

During the  arc-Verneuil  growth experiments, v a r i a t i o n s  i n  p a r t i c l e  

s i z e  and powder feed  ra te  were made. 

a ted  because of equipment d i f f i c u l t i e s  o r  u n s a t i s f a c t o r y  process  c o n t r o l .  

These i n i t i a l  experiments were performed without  us ing  t h e  g r a p h i t e  

a u x i l i a r y  h e a t e r .  I t  i s  encouraging t o  note  t h a t ,  i n  s p i t e  of t h e s e  

v a r i a b l e  growth cond i t ions  and l a r g e  temperature  g rad ien t s ,  t h e r e  i s  no 

evidence of c racking  i n  any of  the  boules .  Meta l lographic  examination 

of a sec t ioned  boule u s u a l l y  i nd ica t e s  fou r  t o  e i g h t  approximately equi- 

axed g r a i n s  of tantalum ca rb ide .  

Experiments were u s u a l l y  termin-  

Because a l l  of t h e  runs  to d a t e  have been conducted i n  argon t h e r e  

i s  d i s s o c i a t i o n  and evapora t ion  of carbon from t h e  molten TaC. A 

Widmanst'itten s t r u c t u r e  is observed i n  a r eg ion  of t he  boule ad jacen t  

t o  i t s  su r face .  This s t r u c t u r e  r e s u l t s  from t h e  p r e c i p i t a t i o n  of  T a o C  

from a carbon d e f i c i e n t  tantalum carb ide  ( Y )  phase du r ing  cool ing .  

ve ry  small amount of Ta,C p r e c i p i t a t i o n  is  observed i n  t h e  i n t e r i o r  o f  

t h e s e  boules.  

p l ane  of TaC. The p r e c i p i t a t i o n  occurs  p r e f e r e n t i a l l y  a t  sub-grain 

boundaries  i n  tantalum ca rb ide .  This e f f e c t  i s  shown i n  F ig .  2 .  The 

e t c h a n t  c o n s i s t s  of 25 m l  HN03, 8 m l  HF, 25 m l  HaO, 15 m l  l a c t i c  a c i d .  

Some p o r o s i t y  has  been observed a t  very f a s t  growth r a t e s .  

A 

The Ta,C p r e c i p i t a t e  occurs  a s  p l a t e l e t s  a long  t h e  (111) 
1 

X-ray ana lyses  of t he  boules a r e  c o n s i s t e n t  with t h e  metal lo-  

g raph ic  examinat ions.  Using a Debye-Scherrer camera, Ta,C was d e t e c t e d  

and es t imated  t o  be p r e s e n t  i n  amounts of t e n  t o  f i f t e e n  pe rcen t .  The 

l a t t i c e  parameter of tantalum carb ide  i n  t h e  boules was 4.417 a.u.  

Using t h e  c a l i b r a t i o n  curve based on d a t a  of Bowman and Lesser, t he  

carbon con ten t  i n  t h e  tantalum carb ide  ( y )  phase w a s  c a l c u l a t e d .  

carbon/ tantalum r a t i o  of 0.74 was determined, which approximates t h e  

lower l i m i t  of carbon con ten t  within the  d e f e c t  range of TaC a t  low 

a 

A 

'Santbro,  G o  and H. B.  Probst ,  An Explanat ion of Micros t ruc tures  i n  t h e  
Tantalum-Carbon System, Proceedings of t h e  12th  Annual Conference on 
App l i ca t ions  of X-ray Analysis,  Aug. 7-9, 1963, Plenum Press ,  New York. 

Halden, F. A .  and H. J. Eding, Quar te r ly  S t a t u s  Report  N o .  III/Septem- 
ber 1 t o  December 1, 1964, Contract  No. NASr -49( 19) a 

a 
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FIG. 2 HEAVY Ta,C WIDMANSTATTEN PRECl PI TATlON 
NEAR SURFACE OF BOULE (a); AND LIGHT Ta,C 
PRECIPITATION IN THE INTERIOR OF THE BOULE 
(b) WITH PREFERRED PRECIPITATION ALONG SUB 
GRAIN BOUNDARIES (arrow); ETCHED, 1600 X 
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temperatures  (below 24OO0C). 

appearance of t h e  Talc phase,  Because d i f f r a c t o m e t e r  techniques  do no t  

provide p r e c i s e  parameter de te rmina t ions  o r  a l low d e t e c t i o n  of  low 

l e v e l s  of Ta2C, camera methods a r e  being used f o r  t h e  X-ray ana lyses  of a r c -  

Verneui l  boules .  

This r e s u l t  i s  a l s o  c o n s i s t e n t  wi th  t h e  

. 3. Future  Work 

Some changes i n  t h e  seed-rod t r a i n  w i l l  be made i n  an a t tempt  t o  

reduce t h e  e c c e n t r i c i t y  of the  seed and boule  dur ing  r o t a t i o n  of t h e  

seed .  Seve ra l  crystal-growing experiments w i l l  be made i n  va r ious  

atmospheres con ta in ing  e i t h e r  hydrogen, ace ty lene ,  or hydrogen- 

a c e t y l e n e  mixtures  i n  o r d e r  t o  determine t h e  e f f e c t  of atmosphere on 

t h e  carbon con ten t  i n  TaC dur ing  c r y s t a l  growth. These experiments  

w i l l  be guided by t h e  experimental  and t h e o r e t i c a l  work r epor t ed  i n  

t h e  t h i r d  and f o u r t h  q u a r t e r l y  s t a t u s  r e p o r t s .  A number of  methods f o r  

s y n t h e s i z i n g  mixed TaC-HfC feed  powders w i l l  be cons idered .  S o l u t i o n  

and r e c r y s t a l l i z a t i o n  methods w i l l  be  considered i n i t i a l l y  i n  a t tempt-  

i n g  t o  produce mixed powders. Hot pres s ing  and a r c  mel t ing  w i l l  on ly  

b e  employed i f  o t h e r  techniques a r e  unsuccessfu l .  

B .  Metal S o l u t i o n  Growth 

Most of t h e  experimental  work conducted du r ing  t h e  q u a r t e r  was 

devoted t o  a t tempts  t o  grow tantalum ca rb ide  on tantalum ca rb ide  seeds  

p u l l e d  from the  m e l t .  These experiments employed tantalum ca rb ide  a s  

t h e  only  n u t r i e n t ,  with a thermal g r a d i e n t  t o  induce d i s s o l u t i o n  and 

r e c r y s t a l l i z a t i o n .  N o  l a r g e  s i n g l e  c r y s t a l s  were obta ined  i n  these  

experiments .  Small c r y s t a l s ,  s i m i l a r  t o  those  grown and r epor t ed  

previous ly ,  were obta ined .  This l ack  of success  i s  be l ieved  t o  have 

been caused by inadequate  s o l u b i l i t y  a t  t he  temperatures  employed i n  

t h e  experiments .  A cons ide ra t ion  of  thermodynamic and k i n e t i c  f a c t o r s  

t h a t  a f f e c t  t h e  s o l u b i l i t y  of tantalum and carbon i n  t h e  so lu t ion ,  and 

t h e  ra te  of growth of tantalum-carbide c rys ta l s ,  r e s p e c t i v e l y ,  was 

cont inued.  Liquid meta ls  u sua l ly  form extremely nonidea l  s o l u t i o n s .  

An extended search  f o r  a c t i v i t y  c o e f f i c i e n t s  f o r  tantalum and carbon i n  

Various l i q u i d  metals w a s  made but  very few d a t a  were obta ined .  

A c t i v i t y  c o e f f i c i e n t s  f o r  d i l u t e  concen t r a t ions  of carbon i n  i r o n  and 

8 



s e v e r a l  i r o n  a l l o y s  a r e  a v a i l a b l e .  The impl i ca t ions  of t hese  d a t a  and 

the  requirements  f o r  a d d i t i o n a l  a c t i v i t y  c o e f f i c i e n t s  t h a t  must be 

determined exper imenta l ly  a r e  discussed i n  t h e  fo l lowing  paragraphs.  

1. Thermodynamic and Kine t ic  Cons idera t ions  

I n  t h e  prev ious  q u a r t e r l y  s t a t u s  r epor t ,  thermodynamic f a c t o r s  

a f f e c t i n g  s o l u t i o n  growth of TaC were cons idered .  From the  thermo- 

dynamic viewpoint,  two gene ra l  experimental  methods are a v a i l a b l e ,  

(1) an  equ i l ib r ium o r  r e v e r s i b l e  method based on d i s s o l u t i o n  and re- 

growth of TaC i n  a thermal g rad ien t  and ( 2 )  an  i r r e v e r s i b l e  

p r e c i p i t a t i o n  of TaC from a m e t a l  s o l u t i o n  i n  which s e p a r a t e  sources  

of  tantalum metal  and carbon, u sua l ly  t h e  c r u c i b l e  wall ,  a re  p resen t .  

Although TaC crys ta l s  have been grown by both methods, i t  is  more 

l i k e l y  t h a t  excess ive  nuc lea t ion  can be  prevented wi th  t h e  equ i l ib r ium 

approach. Some f u r t h e r  cons idera t ion  of tantalum ca rb ide  thermo- 

dynamics i n  metal so lu t ion ,  i n  p a r t i c u l a r  t he  r e l a t i o n s h i p  between 

tantalum and carbon s o l u b i l i t i e s  and c r y s t a l  growth k i n e t i c s ,  i s  

needed. 

a .  K i n e t i c s  of Crys ta l  Growth 

The r a t e  of c r y s t a l  growth can be  no g r e a t e r  than t h e  r a t e  of 

t r a n s p o r t  of tantalum and carbon i n  t h e  metal s o l u t i o n .  I f  f l u i d  mix- 

ing,  caused by e i t h e r  thermal convection o r  mechanical s t i r r i n g ,  i s  

neglec ted ,  t h e  t r a n s p o r t  ra te  J is g iven  by F i c k ' s  f i r s t  d i f f u s i o n  

equat ion:  
dC J =  D- dx' 

where D i s  t h e  s o l u t e  d i f f u s i o n  c o e f f i c i e n t  i n  the  l i q u i d  metal 

s o l u t i o n ,  C i s  the  s o l u t e  concentrat ion,  and x i s  t h e  d i f f u s i o n  

d i s t a n c e .  Under s t eady  s t a t e  c r y s t a l  growth the  d i f f u s i o n  equa t ion  

i s  : 

1) 
D ( C h  - C J =  

6 C (2 )  

where C i s  the  concen t r a t ion  a t  t h e  h ighe r  temperature  source,  

i s  the  concen t r a t ion  i n  the l i qu id  ad jacen t  t o  t h e  growing c r y s t a l ,  and 

bC is  t h e  d i s t a n c e  between the  source  and t h e  c r y s t a l .  

l i b r i u m  growth of TaC i n  a chemically i n e r t  c r u c i b l e ,  t h e  source  i s  

u s u a l l y  TaC ch ips  ly ing  on the  c r u c i b l e  bottom while  t h e  c r y s t a l  i s  

h 

For t h e  equi- 
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l oca t ed  near  t h e  m e l t  meniscus. 

When concen t r a t ion  C i s  expressed i n  atomic p e r c e n t ,  t h e  d i f f u s i o n  

c o e f f i c i e n t  D i n  cm2/sec and t h e  t r a n s p o r t  r a t e  J i n  cm/sec, f o r  d i l u t e  

s o l u t i o n s  equat ion  ( 2 )  i s  approximately 

T h u s ,  d C  is  equal  t o  t h e  l i q u i d  depth .  

Some reasonable  e s t ima tes  of most of t h e  parameters  i n  

Eq. 3 can be made. D i f fus ion  c o e f f i c i e n t s  i n  l i q u i d s  a t  h igh  tempera tures  

a r e  s i m i l a r ,  D m  cm2/sec. The d i f f u s i o n  d i s t a n c e  i s  l i m i t e d  by 

f r e e  convect ion (without  s t i r r i n g )  t o  Cj x 1 c m ,  even though a c t u a l  

m e l t  dep ths  a r e  s l i g h t l y  g r e a t e r t h a n  1 c m .  On t h i s  b a s i s  t h e  TaC 

c r y s t a l  growth r a t e  dependence on t h e  concen t r a t ion  d i f f e r e n c e  from 

source  t o  c r y s t a l  can be est imated us ing  Eq. 3 :  

J x 10-6 (ch - c ) cm/sec 1 

0.86 (Ch - C1) mm/day. (4 ) 

Forced s t i r r i n g  w i l l  i n c r e a s e  t h e  growth r a t e  cons iderably ,  but t h i s  

i s  not always convenient and the re  may be u n d e s i r a b l e  chemical r e a c t i o n s  

w i t h  t h e  stirrer. 

b .  Equi l ibr ium Concentrat ions of Tantalum and Carbon 

The concen t r a t ion  d i f f e r e n c e s  (C  - C1) can  be determined h 
f o r  tan ta lum and carbon a t  s p e c i f i e d  tempera tures ,  us ing  t h e  equi-  

l i b r i u m  cons tan t  f o r  t h e  formation of TaC, 

K 
Ta t C s  TaC 

provided  a c t i v i t y  c o e f f i c i e n t s  a r e  known. T h i s  is  done with t h e  fol low- 

i n g  r e l a t i o n s  : 

(aTa) (ac)  = 

(7a )  

(7b)  

a Y C  Ta = Ta Ta 

a Y C  c = c c  

10 



where a i s  t h e  chemical a c t i v i t y  and y is  the  a c t i v i t y  c o e f f i c i e n t .  

For equ i l ib r ium d i s s o l u t i o n  and regrowth of TaC, s t o i c h i o m e t r i c  con- 

s i d e r a t i o n s  r e q u i r e  t h e  carbon and tan ta lum concen t r a t ions  i n  t h e  

s o l u t i o n  t o  be equal  : 

c = c  - c  
C Ta L 

This  requirement assumes t h a t  t h e r e  a r e  no chemical s i d e  r e a c t i o n s ,  

i n  t h e  m e l t  or w i t h  t h e  c r u c i b l e  or atmosphere, t h a t  remove e i t h e r  

tan ta lum or carbon.  Equat ions 6-8 provide  t h e  fo l lowing  r e l a t i o n :  

y cL2= K -' 
'Ta C 

and 

The temperature  dependence of t h e  equ i l ib r ium cons tan t  i s  based on 

t h e  f r e e  energy of formation LA F of TaC: 

A c t i v i t y  c o e f f i c i e n t s  u s u a l l y  vary s l i g h t l y  w i t h  t empera ture ,  b u t  vary 

cons ide rab ly  w i t h  concen t r a t ion .  These e f f e c t s  a r e  shown i n  F i g .  3 

f o r  carbon i n  l i q u i d  i r o n .  

P l o t s  of equ i l ib r ium concen t r a t ion  C ve r sus  t h e  a c t i v i t y  
L 

c o e f f i c i e n t  product  (7 7 ) based on Eq. 9 a r e  shown f o r  v a r i o u s  

tempera tures  i n  F ig .  4 .  I n  order  t o  maximize t h e  carbon and tan ta lum 

concen t r a t ion  and t h e  c r y s t a l  growth r a t e ,  a l i q u i d  metal  s o l u t i o n  t h a t  

provides  t h e  lowest va lue  of (yTayC) i s  sought .  

concen t r a t ion  curves  of F ig .  4 a r e  two curves  r ep resen t ing  t h e  va lues  

of (7 
a t  these tempera tures .  

d i f f e r e n c e  between source  and c r y s t a l .  

Ta C 

Superimposed on t h e  

7 ) r equ i r ed  t o  achieve t h e  i n d i c a t e d  c r y s t a l  growth r a t e s  
Ta C 

These curves a r e  based on a 100°C tempera ture  

11 
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FIG. 3 ACTIV ITY COEFFICIENT ( y c )  OF CARBON IN 
LIQUID IRON. From Elliott, et al, Thermochemistry 
for Steel Making Vol. 2 p. 499, Addison Wesley, 
Reading, Massachusetts, 1963. 
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c. A c t i v i t y  Coef f i c i en t s  and P red ic t ed  Growth Rate 

Unfortunately,  tantalum a c t i v i t y  c o e f f i c i e n t s  (or a c t i v i t i e s )  

i n  d i l u t e  s o l u t i o n s  a r e  unknown f o r  any l i q u i d  metal so lven t ,  and p a r t  

of ou r  c u r r e n t  experimental  program i s  d i r e c t e d  toward provid ing  t h i s  

information.  In  the  meanwhile, a v e r y  crude e s t i m a t e  f o r  t h e  a c t i v i t y  

of tantalum i n  l i q u i d  i r o n  was made i n  the  prev ious  q u a r t e r l y  s t a t u s  

r e p o r t  by assuming t h a t  i t  had the  same a c t i v i t y  c o e f f i c i e n t  a s  

z i rconium i n  l i q u i d  i ron ,  0.011. S ince  then, more l i t e r a t u r e  has  been 

rece ived  and a c t i v i t y  c o e f f i c i e n t s  f o r  d i l u t e  s o l u t i o n s  of s e v e r a l  

metals i n  l i q u i d  i r o n  a r e  presented i n  Table 1. The arrangement of 

metals i n  t h i s  t a b l e  corresponds to  t h e  arrangement of metals i n  t h e  p e r i o d i c  

c h a r t .  A r ev i sed  o rde r  of magnitude estimate of y is  0.1. When t h i s  

is combined wi th  t h e  y 0.6 fo r  d i l u t e  s o l u t i o n s ,  an  e s t i m a t e  of 

yTa yc = 0.06 i s  obta ined .  On t h i s  b a s i s  i t  would t ake  a c r y s t a l  

growing temperature  of 1800°C with a 1900°C source  temperature  t o  grow 

TaC a t  t he  r a t e  of 1 mm/day; s e e  Fig.  4 .  

exceed the  c a p a b i l i t i e s  of A l , 0 3  c r u c i b l e s  somewhat, i t  does appear  

reasonable  t o  expec t  t h a t  some improvements i n  s o l v e n t  o r  c r u c i b l e  

can b e  developed t h a t  w i l l  permit s o l u t i o n  growth of TaC c rys t a l s  a t  

t h i s  rate, us ing  t h e  Czochralski  method. 

Fe 
Ta Fe 

C Fe Fe 

Although these  temperatures  

I t  is expected t h a t  the lowest  va lues  of y y w i l l  be  found 
Ta C 

i n  those  l i q u i d  metals t h a t  have a h igh  s o l u b i l i t y  f o r  both carbon and 

tantalum. Th i s  cons ide ra t ion  and t h e  need t o  avoid  formation of o t h e r  

c a r b i d e s  p o i n t  t o  the  t h i r d  period t r a n s i t i o n  metals,  vanadium through 

n i c k e l .  Although most of t hese  metals form carb ides ,  t h e y  can be  used 

a t  least  p a r t i a l l y  i n  a l l o y s  a t  c r y s t a l  growing temperatures  without  

c a r b i d e  formation.  The ca rb ide  forming tendency dec reases  when going 

from vanadium t o  n i c k e l .  With the except ion  of i ron ,  l i t t l e  i s  known 

about  t he  carbon a c t i v i t y  i n  d i l u t e  s o l u t i o n s  of carbon i n  these  l i q u i d  

metals. However, p r e d i c t i o n s  as t o  whether t h e  carbon a c t i v i t y  

c o e f f i c i e n t  i s  more o r  less than t h e  carbon a c t i v i t y  c o e f f i c i e n t  i n  

l i q u i d  i r o n  can be  made from the e f f e c t  of t hese  meta ls  a s  a l l o y i n g  

elements  on t h e  a c t i v i t y  c o e f f i c i e n t  of carbon i n  l i q u i d  i r o n  a l l o y s .  

These d a t a  a r e  shown i n  F ig .  5. Vanadium and chromium a d d i t i v e s  have 

t h e  d e s i r e a b l e  e f f ec t  of decreasing the  a c t i v i t y  c o e f f i c i e n t  of carbon. 
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Table I 

METAL A C T I V I T Y  C O E F F I C I E N T S  I N  BINARY I N F I N I T E L Y  DILUTE 
SOLUTIONS OF L I Q U I D  IRON 
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Experimental  de te rmina t ions  of t h e  tan ta lum a c t i v i t y  c o e f f i c i e n t s  i n  

t h e s e  l i q u i d  a l l o y s  a r e  planned. 

2. Experiment a 1  R e s u l t s  

Severa l  s o l u t i o n  growth experiments were conducted i n  an attempt 

t o  grow tantalum ca rb ide  on a hot  pressed  tantalum-carbide seed i n s e r t -  

ed i n  t h e  m e l t .  I n  t h i s  modified Czochra lsk i  method t h e  seed was 

r o t a t e d  and withdrawn a t  a con t ro l l ed  r a t e .  I r o n  was used a s  t h e  so lven t  

i n  these experiments  because t h e  a c t i v i t y  c o e f f i c i e n t  of carbon i n  

l i q u i d  i r o n  and t h e  es t imated  a c t i v i t y  c o e f f i c i e n t  of tan ta lum i n  l i q u i d  

i r o n  appeared f avorab le  f o r  p r a c t i c a l  growth r a t e s .  

In  the i n i t i a l  experiment ,  t h e  ho t  pressed  tan ta lum ca rb ide  seed 

was he ld  by a g r a p h i t e  rod ,  us ing  a th readed  clamp. During i n s e r t i o n  

of t h e  seed i n  t h e  m e l t ,  t h e  seed broke a t  t h e  po in t  of con tac t  wi th  

t h e  clamp. I n  a second experiment t h e  seed and ho lde r  were hea ted  

s lowly  before  i n s e r t i o n  i n  t h e  melt i n  o r d e r  t o  l e s s e n  thermal-shock 

f r a c t u r e  of  t h e  seed. However, t h e  seed f e l l  o f f  a second t i m e  and 

t h i s  ho lde r  method was abandoned. I n  a l a t e r  experiment t h e  seed 

was a t t ached  t o  tantalum w i r e  which was bra ided  and connected t o  a 

g r a p h i t e  pu l l - rod .  This  arrangement provided f o r  a more secure 

attachment of the seed without excess ive  s a c r i f i c e  of t he  s t i f f n e s s  

r equ i r ed  t o  r o t a t e  t h e  seed. Af te r  a s h o r t  per iod  of t i m e  t h e  seed was 

withdrawn from t h e  m e l t .  Subsequent weight and s i z e  measurements 

i n d i c a t e d  t h a t  tan ta lum ca rb ide  had d i s so lved  from t h e  seed r a t h e r  t han  

grown upon i t .  Th i s  r e s u l t  was not  expla ined  u n t i l  a subsequent 

experiment i n  which t h e  tantalum w i r e  ho ld ing  t h e  seed became ca rbur i zed .  

W e  now b e l i e v e  t h a t  t h e  r ap id  c a r b u r i z a t i o n  of t h e  tantalum w i r e  and 

t h e  appearance of A1,0,  whiskers above t h e  seed w e r e  caused by t h e  

presence  of carbon monoxide i n  t h e  fu rnace  chamber. Any oxygen t h a t  

l e a k s  i n t o  t he  furnace  w i l l  r a p i d l y  r e a c t  w i t h  carbon i n  t h e  m e l t  t o  

form carbon monoxide. Such a dep le t ion  of carbon nea r  t h e  meniscus of 

t h e  m e l t  would cause d i s s o l u t i o n  r a t h e r  t han  growth of tan ta lum ca rb ide  

i n  t h i s  reg ion .  The carbon monoxide t h u s  formed would a l s o  account f o r  

t h e  r ap id  c a r b u r i z a t i o n  of t h e  tantalum w i r e  a t  high tempera tures .  I n  

t h e  equ i l ib r ium growth experiments j u s t  descr ibed,  A1,0,  was u s e d  a s  t h e  
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c r u c i b l e  m a t e r i a l .  

t o  minimize chemical a t t a c k  of t h e  c r u c i b l e .  

The melts contained 1 . 4  weight o e r c e n t  aluminum i n  o r d e r  

An i r r e v e r s i b l e  type  of experiment was a l s o  performed, u s ing  an 

i r o n  m e l t  and a g r a p h i t e  c r u c i b l e .  I n  p a r t ,  t h i s  experiment was 

performed t o  t es t  a p y r o l y t i c  g raph i t e  hea t  s h i e l d  a s  an a i d  i n  a t t a i n -  

i n g  extremely h igh  tempera tures .  In t h i s  r e spec t  t h e  experiment was 

success fu l  s i n c e  a base temperature  of 2125OC and a meniscus tempera- 

t u r e  of 1925OC were a t t a i n e d .  

these tempera tures  was n o t  ava i l ab le .  A hot  pressed  tan ta lum ca rb ide  

seed was i n s e r t e d  i n  t h e  m e l t  and r o t a t e d  u n t i l  t h e  tan ta lum ho lde r  w i r e  

became ca rbur i zed ,  dropping t h e  seed i n t o  t h e  m e l t .  Subsequent examina- 

t i o n  of t h e  seed a f t e r  e t c h i n g  d i d  no t  i n d i c a t e  any tantalum ca rb ide  

regrowth. 

A chemical ly  i n e r t  c r u c i b l e  s u i t a b l e  a t  

The experiments  performed s ince  then  have involved an attempt t o  

determine t h e  tan ta lum a c t i v i t y  c o e f f i c i e n t s  i n  s e v e r a l  l i q u i d  me ta l s .  

The procedure i s  t o  run  isothermal  experiments  i n  g r a p h i t e  c r u c i b l e s .  

Tantalum ca rb ide  is  d i s so lved  i n  t h e  carbon-sa tura ted  l i q u i d .  A t  equi-  

l i b r i u m  t h e  tan ta lum a c t i v i t y  i s  c o n t r o l l e d  by t h e  equ i l ib r ium cons tan t  

f o r  formation of tan ta lum ca rb ide ,  Equat ion 5 .  Samples of t h e  l i q u i d  

a r e  be ing  withdrawn f o r  a n a l y s i s  a t  1 hour ,  6 hours ,  and 24 hours  t o  

i n s u r e  a t ta inment  of equi l ibr ium.  These samples w i l l  be analyzed f o r  

tan ta lum c o n t e n t ,  u s i n g  emission spec t roscopy.  From t h i s  measured 

tan ta lum concen t r a t ion  i n  t h e  l i q u i d  and t h e  thermodynamically 

c a l c u l a t e d  tan ta lum a c t i v i t y ,  the  tan ta lum a c t i v i t y  c o e f f i c i e n t  a t  t h a t  

t empera ture  can be c a l c u l a t e d .  Since carbon-saturated s o l u t i o n s  a r e  

be ing  used ,  t h e  tan ta lum concent ra t ion  w i l l  be very  low and it  i s  hoped 

t h a t  v a l i d  a c t i v i t y  c o e f f i c i e n t s  f o r  d i l u t e  s o l u t i o n s  o f  tan ta lum i n  t h e  

me ta l s  w i l l  r e s u l t .  From t h e s e  de te rmina t ions  of tan ta lum a c t i v i t y  

c o e f f i c i e n t s  and from what i s  a l ready  known about carbon a c t i v i t y  

c o e f f i c i e n t s ,  see F i g s .  3 and 5, t h e  optimum so lven t  system w i l l  be 

selected.  Furthermore,  from t h e  a c t i v i t y  c o e f f i c i e n t  product 

( 7  
l i m i t a t i o n s  on t h e  c r y s t a l  growth r a t e  of  tan ta lum c a r b i d e .  Experi-  

ments have been performed with i r o n ,  n i c k e l ,  and aluminum s o l v e n t s .  

7 ) ,  and F ig .  4 i t  should be p o s s i b l e  t o  determine t h e  d i f f u s i o n  Ta C 
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Chemical ana lyses  a r e  not  y e t  a v a i l a b l e .  Addi t iona l  experiments  w i l l  

be performed on chromium, iron-chromium, and iron-vanadium melts. 

An ex tens ive  de l ay  occured when one of the c r u c i b l e s  broke,  

d e p o s i t i n g  l i q u i d  aluminum i n  

Repai rs  t o  t h e  furnace  a r e  i n  

. 3. Future  Work 

t h e  bottom of t h e  c r y s t  a1 growth appa ra tus .  

p rogress .  

The experiments  aimed a t  determining tan ta lum s o l u b i l i t y  and t a n t a -  

lum a c t i v i t y  c o e f f i c i e n t s  i n  o t h e r  l i q u i d  meta ls  w i l l  be cont inued.  

F u r t h e r  Czochra lsk i  type  seed p u l l i n g  experiments  a r e  planned, u s ing  

i r o n  o r  a more optimum so lven t  i f  such  i s  determined.  Addi t iona l  

s t e p s  have been t aken  t o  prevent  oxygen contaminat ion i n  the  furnace  

chamber. An experiment t o  grow mixed HfC-TaC c r y s t a l s  by an i r r e v e r s -  

i b l e  ( p r e c i p i t a t i o n )  approach, using tan ta lum meta l ,  hafnium m e t a l ,  

and a g r a p h i t e  c r u c i b l e ,  i s  planned. The primary purpose of t h i s  

experiment i s  t o  provide mixed c r y s t a l  powder f o r  t h e  arc-Verneuil  

experiments  . 
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Appendix 

ANALYSIS OF CENTRIFUGAL CAPILLARY PARTICLE FEEDER 

The f e e d e r  i n  c u r r e n t  u s e  h a s  t h e  c o n f i g u r a t i o n  shown below.  

The c e n t r i f u g a l  f o r c e  F and g r a v i t y  f o r c e  F on a s p h e r i c a l  p a r t i c l e ,  

and t h e i r  v e c t o r  components a long  t h e  e x i t  c a p i l l a r y ,  a r e  g i v e n  by  t h e  

f o l l o w i n g  e q u a t i o n s .  

C g 
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c - 
where D i s  t h e  p a r t i c l e  d i a m e t e r ,  9 i s  t h e  p a r t i c l e  d e n s i t y ,  r i s  t h e  

4 
f e e d e r  r a d i u s ,  and v i s  t h e  t a n g e n t i a l  v e l o c i t y .  I f  f r i c t i o n  i s  

n e g l e c t e d ,  p a r t i c l e s  w i l l  f l o w  when 
t 

. T h i s  c o n d i t i o n  i s  s a t i s f i e d  when 

t > g t a n  0 
V *  
- -  
r 

I 
2 m - a  

= - , where G i s  t h e  r o t a r y  speed  of t h e  f e e d e r  i n  rpm, t 60 S i n c e  v 

t h e  c r i t i c a l  speed  ( u ~  ) i n  rpm f o r  p a r t i c l e  f l o w  i s  
C 

e x p e r i e n c e d  by 'e The e f f e c t i v e  a c c e l e r a t i o n  i n  g r a v i t y  e q u i v a l e n t s ,  

a p a r t i c l e  i s  g i v e n  by t h e  f o l l o w i n g  e q u a t i o n .  

The r a t e  o f  p a r t i c l e  f l o w  depends on  g and t h e  f r i c t i o n  between 

p a r t i c l e s  and t h e  c a p i l l a r y  w a l l .  For s m a l l  p a r t i c l e  f l o w  r a t e s ,  

must be  s m a l l .  

e 

ge 
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